Introduction {#Sec1}
============

Submarine groundwater discharge (SGD) is one of the water pathways connecting land and ocean in the global water cycle. It has been recognized as an important factor influencing coastal zones (Burnett et al. [@CR14]; McCoy and Corbett [@CR26]; Szymczycha et al. [@CR35]). Groundwater, similarly to surface water, flows along a hydraulic gradient, thus entering directly into the sea, wherever a coastal aquifer exists. While the contribution of groundwater discharges can be comparatively minor, particularly in the areas dominated by large rivers flows, studies have shown that groundwater is an important fraction of freshwater outflow (Burnett et al. [@CR14]). Moreover, as groundwater is most often enriched with chemical constituents, it can be a source of substantial loads of nutrients, trace metals, and organic compounds (Charette and Sholkovitz [@CR16]; Szymczycha et al. [@CR35]).

The knowledge of SGD nutrient loads as a factor enhancing coastal eutrophication is relatively well established (Valiela et al. [@CR27]). Moreover, there is a growing interest in the concentrations and loads of trace constituents delivered to the coastal zone through SGD (Charette and Sholkovitz [@CR16]; Beck et al. [@CR3]). Studies concerning mercury concentrations in seepage water and their impact on the marine ecosystem have recently indicated the ecological and geochemical importance of SGD. In this respect, some of the recent studies devoted to mercury distribution in SGD-impacted areas indicate enriched concentrations of mercury there. Laurier et al. ([@CR23]) reported an increase in total dissolved mercury (HgT~D~) in seawater and enhanced mercury uptake by mussels in the groundwater-impacted area (the Pays de Caux, France). This phenomenon was explained by high HgT~D~ concentrations in estuarine water that resulted in mercury partitioning to the dissolved or colloidal phase in response to changes in salinity and/or turbidity. Bone et al. ([@CR11]) reported that the main driver of mercury flux was the low organic carbon content of the aquifer sediments and emphasized the complexity of mercury transport within groundwater systems. Tiffreau et al. ([@CR37]) suggested that mercury will desorb from metal (hydr)oxides at increasing concentrations of chloride through the formation of soluble Hg-Cl complexes. Lamborg et al. ([@CR22]) assumed that dissolved organic carbon (DOC) should exert a greater impact on mercury speciation than chloride. Thus, there is a need for data characterizing both mercury concentrations in seepage water and mercury behavior upon the mixing of groundwater and seawater.

Research on mercury concentration levels in the Gulf of Gdańsk has been performed for many years. It has focused on determining mercury concentrations in surface water, sediments, and marine fauna and flora (Pempkowiak et al. [@CR29]; Bełdowski and Pempkowiak [@CR7], [@CR8]; Kuss and Schneider [@CR21]; Bartnicki et al. [@CR1]; Pohl and Hennings [@CR31]; Bełdowski et al. [@CR6]; Saniewska et al. [@CR33]). The main sources of mercury in the Gulf of Gdańsk and the Bay of Puck were identified to be atmospheric deposition (Bełdowska et al. [@CR5]), river discharge (Pempkowiak et al. [@CR29]), shipyards, harbors, wastewater treatment plants, and the municipal areas of Gdańsk, Gdynia, and Sopot. However, there are no available data concerning mercury fluxes via SGD in the Gdańsk Basin or for the entire Baltic Sea. This paper reports on the results of studies on mercury distribution in seepage water discharged to the Bay of Puck, southern Baltic Sea. In addition, HgT~D~ concentrations in the groundwater and seawater were determined. HgT~D~ flux via SGD into the Bay of Puck was estimated and compared to other mercury fluxes.

Materials and Methods {#Sec2}
=====================

Study Area {#Sec3}
----------

The SGD area was identified in the shallow, littoral zone of the Bay of Puck (Fig. [1](#Fig1){ref-type="fig"}), (Pempkowiak et al. [@CR30]; Szymczycha et al. [@CR35]). The Bay of Puck is part of the Gulf of Gdańsk in the southern Baltic. It is a shallow, sandy, wave-dominated bay, well known for its high eutrophication rates due to anthropogenic impact (Kotwicki et al. [@CR19]). The area of the study site equals some 9,200 m^2^ and is located off the Hel Peninsula, which has evolved during the Holocene. The coast of the peninsula is basically recent alluvial and littoral zone of Holocene sediments from 10 to 100 m in thickness (Korzeniewski [@CR18]). The sediments of the study area are influenced by three major processes: seepage of groundwater, intrusion of seawater into the surface layer of sediments, and sedimentary processes including mineralization of organic matter deposited in the sediments. The last process is limited to the uppermost layer of sediments, while seawater can be forced into the sediments to a depth of some decimeters (Szymczycha et al. [@CR35]). The seawater intrusion into the sediments depends on several factors: seepage intensity, the granulometric properties of sediments, water depth, sea bottom relief, and wave action. These features are specific to both the particular sampling points and hydrodynamic conditions at the time of sampling (Szymczycha et al. [@CR35]).Fig. 1Map of the Bay of Puck with the study area indicated as a square and sampled groundwater wells: HI (Hel), WI (Władysławowo), RI (Reda I), RII (Reda II), RIII (Reda III). RI is a Tertiary aquifer at 41 m depth RII is a Quaternary aquifer at 15.7 m depth, RIII is a Craterous aquifer at 178 m depth, H1 and W1 are Pleistocene aquifers at 170 m and 122.5 m depth respectively

Sampling {#Sec4}
--------

The study area was located near the shoreline of the Hel Peninsula (54°36′25″N, 18°47′57″E). The sampling campaigns were carried out in the following periods: 2--6 November 2009, 28 February to 1 March 2010, and 5--7 May 2010. The selection of sampling points was based on the results of salinity surveys (Szymczycha et al. [@CR35]). The pore water samples were collected at two separate seepage water discharge points located at close proximity (groundwater lance I (GL I) and groundwater lance II (GL II)), once a day, by means of groundwater lances described by Beck et al. ([@CR4]). In the course of each sampling campaign, seawater samples were also collected close to the sea floor. Moreover, in May 2010, pore water samples from sediments without apparent groundwater discharge were also collected (groundwater lance (GL)), as well as groundwater samples from wells situated on the shores of the Bay of Puck. Thus, several water types were collected as part of the study: sediment pore water (either groundwater (salinity below 1) or seepage water (salinity from 1 to 6.9)), seawater, and groundwater from land-based wells (salinity less than 0.5). Salinity and oxidation--reduction potential (ORP) measurements were performed on the samples with a multimeter (WTW Multi 3400i Multi-Parameter Field Meters). During the sampling campaigns, 13 pore water profiles were obtained, each comprising pore water samples collected from five to six depths below sediment--water interface. Pore water profiles at subsequent sampling points were characterized by pore water salinity profiles presented in Fig. [2](#Fig2){ref-type="fig"}.Fig. 2Salinity distribution in the study area. *GL* groundwater lance, *I* and *II* separate locations in groundwater-impacted area. *GL S* groundwater lance located in the area without apparent groundwater impact

Special care was taken to prevent contamination of collected samples. All components of the groundwater lances used for collecting pore water samples were soaked in a bath, filled with 3 M HNO~3~, for 1 day. After acid treatment, samplers were rinsed five times with MilliQ water, including ports and tubing. The entire equipment was wrapped in a number of layers of heavy plastic sheeting for transport. The groundwater lances were installed in the sediment and then allowed to equilibrate for \~24 h, with the free sample tube ends. After the equilibration period, the sample tubes were each attached to dedicated, acid-washed, all-PE 50-ml syringes with short sections of acid-cleaned Teflon tubing. Each syringe, in turn, was detached and connected to an acid-washed 25-mm diameter, 0.45-μm pore size, polypropylene syringe filter. A total of 35 ml of pore water was collected from several depths (0, 4, 8, 12, 16, 24, and 30 cm) below sediment--water interface. The collected water samples were divided into separate vials to be analyzed for the following components: HgT~D~, DOC, and dissolved manganese (Mn). The samples meant for HgT~D~ analysis were transferred into acid-washed borosilicate test tubes with Teflon-lined caps. Samples meant for Mn analysis were transferred into acid-washed 20-ml LDPE bottles and acidified to pH \< 2 with supra pure 0.1 N HNO~3~. Samples used for DOC analysis were transferred to parched glass vials and acidified with 40 μl of concentrated HCl. Groundwater samples from deep (water) wells and seawater samples were collected into vials, prepared in the same manner as the borosilicate bottles for HgT~D~ analysis.

Analysis {#Sec5}
--------

The samples for HgT~D~ analysis were oxidized by BrCl and then pre-reduced with hydroxylamine hydrochloride solution 1 h prior to analysis by CV-AFS (TEKRAN 2600, Canada), according to US EPA method 1631 (US EPA [@CR38]). Quality control included the analysis of blanks (*n* = 5) and estimating accuracy and precision based on the analysis of water samples (*n* = 5) (groundwater, seepage water, and seawater) spiked with mercury nitrate in the range of 0.5--2.5 ng Hg l^−1^. Adequate precision (6 %, given as relative standard deviation (RSD)) and recovery (95 ± 1 %) were obtained throughout the study. Moreover, during each sampling campaign, procedural blank samples (*n* = 3) were run. The obtained HgT~D~ concentrations of the procedural blank samples were in the range 0.21--0.24 ng Hg l^−1^ and never exceeded 10 % of concentrations measured in the actual samples. The detection limit of the method used for HgT~D~ analysis was equal to 0.2 ng Hg l^−1^.

Concentrations of Mn were determined by ICPMS (Elan 9000, Perkin Elmer). Analysis of standard reference material (SLEW 3) and groundwater samples spiked with Mn (5 μg l^−1^) served as a quality check. Average recovery of Mn was 103 %, and precision given as RSD was 0.3 % (*n* = 5).

Samples for DOC were analyzed with UV/persulfate oxidation and non-dispersive infrared detection (HyPerTOC, Thermo Electron Corp.). The limit of detection of the method was smaller by an order of magnitude than the measured concentrations. The precision of the results given as RSD was better than 2 % DOC, while recovery tested against the SGW standard was 96 %.

Results {#Sec6}
=======

Salinity Distribution in the SGD-Impacted Area {#Sec7}
----------------------------------------------

Samples of 12 pore water profiles were collected in the groundwater-impacted area (GIA) and an additional profile in an area without apparent groundwater impact. The pore water salinity profiles are presented in Fig. [2](#Fig2){ref-type="fig"}. Generally, in the GIA profiles, salinity decreased with depth. The GL I 4.11.09 and GL I 5.11.09 profiles present salinity decrease from 7.1 and 6.9 to 2.8 and 2.1, respectively. In profiles GL II 4.11.09 and GL II 5.11.09, salinity decreased from 7 and 7.1 to 4 and 5.2, respectively, while in the GL II 28.02.10 and GL II 1.03.10 profiles, salinity decreased from 7.1 and 6.3 to 0.5 and 0.3, respectively. At the GL I 28.02.10 profile, salinity decreased from 6.7 to 2.3, while on the following day, salinity deceased to 0.3. In May 2010, similarly to November 2009, two groups of salinity profiles can be distinguished. Samples collected at location GL I show a salinity decrease from 7.1 to about 2.6, while samples collected at location GL II show a salinity decrease down to 0.5. The salinity profile in the location apparently unaffected by seepage discharges, GL S 7.05.10, shows constant salinity values of about 7 (Fig. [2](#Fig2){ref-type="fig"}). The changes in salinity distribution in GIA are caused by seawater intrusion into the sediment due to wave action and hydrodynamic conditions at the time of sampling (Szymczycha et al. [@CR35]). Seawater can penetrate seepage sites to depths of tens of centimeters due to thermohaline density effects (Bokuniewicz [@CR10]). Previous studies of SGD sites have indicated sediment pore water salinity profiles similar to those described here (Beck et al. [@CR2]a; Beck et al. [@CR3]; Pempkowiak et al. [@CR30]). Therefore, for practical purposes, during this study, pore water samples characterized by salinity \<1 were attributed to groundwater. Those characterized by salinity in the range 1 \< S \< 6.9 were attributed to seepage water (mixture of seawater and groundwater), and the ones with salinity S ≥ 7, to seawater.

Mercury Distribution in the SGD-Impacted Area {#Sec8}
---------------------------------------------

Ranges of HgT~D~ concentrations in the water samples collected in the study area are presented in Table [1](#Tab1){ref-type="table"}. The measured HgT~D~ concentrations spanned a relatively wide range (0.51 to 6.37 ng l^−1^). The seawater samples were characterized by HgT~D~ concentrations ranging from 4.41 to 6.37 ng l^−1^. These values were comparable to those measured earlier in the Gulf of Gdańsk and the Bay of Puck seawater (Boszke [@CR12]; Bełdowski et al. [@CR6]; Saniewska et al. [@CR33]). HgT~D~ concentrations in the water samples collected from the wells located on the Hel Peninsula were lower than 3.29 ng l^−1^. Generally, HgT~D~ in the groundwater (pore water salinity \< 1) and seepage water (salinity in the range 1.0 to 6.9) ranged from 0.51 to 4.90 ng l^−1^. Fig. [3](#Fig3){ref-type="fig"} presents depth profiles of HgT~D~ and salinity in the 12 pore water profiles of GIA. The average dissolved mercury concentrations decreased from 3.76 ± 0.71 ng l^−1^ to 2.03 ± 0.59 ng l^−1^ in November 2009. In February 2010, HgT~D~ concentration decreased from 2.96 ± 0.48 ng l^−1^ to 0.54 ± 0.04 ng l^−1^, while in May 2010, HgT~D~ concentrations decreased from 4.33 ± 0.57 ng l^−1^ to 0.91 ± 0.31 ng l^−1^. The average HgT~D~ concentrations and standard deviations were calculated from all measured HgT~D~ concentrations. The calculated standard deviations of the average concentrations indicated substantial variations of HgT~D~. The average concentrations of HgT~D~ in groundwater were much lower than those in seawater. The Bay of Puck is under the influence of nearby industrial and urban areas of Gdynia and Gdańsk. This means the presence of abundant atmospheric (Boszke [@CR12]) and point sources (Saniewska et al. [@CR33]) of mercury discharge into the environment. As a consequence, concentrations of mercury in the waters of the Bay of Puck were measured as ranging from 2.1 to 8.19 ng l^−1^ (Bełdowski et al. [@CR6]), much greater than concentrations in waters of the open Baltic Sea (Pempkowiak et al. [@CR29]). Thus, the profiles presented in Fig. [3](#Fig3){ref-type="fig"}, showing the decrease of HgT~D~ downward in sediment pore water, are caused by the mixing of high-mercury seawater and low-mercury groundwater. The seawater end-member is characterized by higher HgT~D~ concentration than groundwater end-member. Thus, HgT~D~ concentrations were set by seawater intrusion into the sediment. The pore water profiles GL II 28.02.10, GL I 1.03.10, GL II 1.03.10, GL 5.05.10, GL II 5.05.10, GL 6.06.10, and GL II .6.06.10 were all characterized by elevated HgT~D~ concentrations in the uppermost 15 cm and then a downward decrease of the concentrations. Meanwhile, the profiles GL I 4.11.09, GL II 4.11.09, GL I 5.11.09, GL II 5.11.09, and GL I 28.02.10 illustrated higher seawater intrusion resulting in much smaller HgT~D~ concentration decrease. Such a pattern is typical of a highly dynamic mixing zone of a subterranean estuary (Beck et al. [@CR4]a).Table 1Concentrations of HgT~D~ in the collected water samplesSample typeSalinityHgT~D~ concentrations (ng l^−1^)Number of samplesRange (low--high)AverageSeawaterS \> 7104.41--6.375.44Pore water SeawaterS \> 6.993.21--5.314.12 Seepage water1 \< S \< 6.9570.51--5.042.18 GroundwaterS ≤ 1110.51--1.150.63Groundwater from wells0.5 \< S50.50--3.291.15Pore water samples characterized by salinity \<1 were attributed to groundwater. Those characterized by salinity in the range 1 \< S \< 6.9 were attributed to seepage water, and S ≥ 7 to seawaterFig. 3Pore water depth profiles for total dissolved mercury, dissolved manganese, dissolved organic carbon, and salinity in the groundwater-impacted area. *GLI* groundwater lance I, *GLII* groundwater lance II

DOC distribution (Fig. [3](#Fig3){ref-type="fig"}) in the pore water also indicated the mixing of the two end-members (seawater and groundwater). Both end-members of the system represented considerably differing concentrations of organic substances. DOC distribution in pore water profiles was characterized by lower DOC concentrations in the uppermost 15-cm depth in the sediment and higher DOC concentrations in subsurface, lower pore water samples. Average DOC concentrations increased from 4.10 ± 0.05 mg l^−1^ to 5.24 ± 1.06 mg l^−1^ in November 2009, from 4.47 ± 0.41 mg l^−1^ to 5.69 ± 1.17 mg l^−1^ in February 2010, and from 4.38 ± 0.36 mg l^−1^ to 6.99 ± 1.28 mg l^−1^ in May 2010. Dissolved Mn concentrations in pore water profiles (Fig. [3](#Fig3){ref-type="fig"}), similarly to DOC, increased with increasing depths. Average Mn concentrations in November 2009 increased from 1.10 ± 0.33 μg l^−1^ to 87.31 ± 59.22 μg l^−1^; in February 2010, Mn concentrations increased from 2.53 ± 1.13 μg l^−1^ to 103.27 ± 5.75 μg l^−1^; and in May 2010, Mn concentrations increased from 13.94 ± 12.50 μg l^−1^ to 129.10 ± 39.71 μg l^−1^. Thus, the selected profiles (GL II 28.02.10, GL I 1.03.10, GL II 1.03.10, GL 5.05.10, GL II 5.05.10, GL 6.06.10, and GL II .6.06.10) all illustrate significant changes in HgT~D~, DOC, and Mn concentrations starting from a depth of 15 cm in the sediment upward, suggesting a significant influence of the mixing process between seawater and groundwater on the distribution of the measured constituents in pore water of the GIA.

In Fig. [4](#Fig4){ref-type="fig"}, the dependences between HgT~D~ concentrations in pore water and salinity are presented. As expected, there is a HgT~D~ concentration increase with increasing salinity. The distribution of HgT~D~ in the GIA showed greater HgT~D~ concentrations in seawater and lower in groundwater. The end-members of the system, namely seawater and groundwater, can be easily identified. The dependences presented in Fig. [4](#Fig4){ref-type="fig"} indicate a non-conservative behavior of mercury upon the mixing of high-mercury seawater and low-mercury groundwater. This is manifested by the departure from a straight line connecting concentrations of the two end-members of the system. This indicates that there are constituents of pore water that can impact HgT~D~ distribution in natural waters (Lamborg et al. [@CR22]; Ravichandran [@CR32]). The dependences presented in Fig. [4](#Fig4){ref-type="fig"} suggest that HgT~D~ is removed from pore water; however, it is not clear what mechanism is responsible for the removal. The sorption of HgT~D~ on solid phase, complexation by organic substances, uptake by biota, and precipitation/co-precipitation all may be responsible for the phenomenon. Co-precipitation is likely to occur since the uppermost layer of sediments in the study area is characterized by a steep redox gradient (Bełdowski and Pempkowiak [@CR7]). Groundwater is characterized by the lack of oxygen, contrary to seawater, which is saturated with oxygen. Thus, a redoxcline forms where mixing of the two water types occurs. Under such conditions, dissolved manganese abundant in groundwater as Mn(II) is oxidized to Mn(IV) (Schulz and Zabel [@CR34]). The latter forms highly insoluble manganese hydroxides, which precipitate. Also, complexes of mercury with groundwater dissolved organic substances may flocculate when salinity increases due to seawater intrusion into sediments and its mixing with groundwater (Laurier et al. [@CR23]). The mechanisms of HgT~D~ removal may be further elucidated by examining its relationships with dissolved organic matter and dissolved manganese.Fig. 4The dependences between total dissolved mercury and salinity in the pore water profiles (November 2009, February 2010, and May 2010). *GL I* groundwater lance I, *GL II* groundwater lance II. *Solid line* represents conservative mixing of groundwater with seawater

The relationship of HgT~D~ concentrations versus DOC concentrations are presented in Fig. [5](#Fig5){ref-type="fig"}. HgT~D~ concentrations decreased with the increase of DOC concentrations. The dependences between HgT~D~ concentrations and DOC concentrations are non-conservative, although in one case the dependences approach a linear one (GL I, November 2009). Ravichandran ([@CR32]) stated that HgT~D~ can be associated with a specific fraction of DOC, and as a result, a correlation between total DOC and HgT~D~ is difficult to establish. Our results may indicate that organic matter differs seasonally with regard to affinity to inorganic mercury. This is in line with earlier data by Pempkowiak ([@CR28]) regarding the composition of organic substances and Pempkowiak et al. ([@CR30]) and Szymczycha et al. ([@CR35]), who suggested seasonally varying provenance of groundwater in the study area.Fig. 5Dependences between total dissolved mercury and dissolved organic carbon in the pore water profiles (November 2009, February 2010, and May 2010). *GL I* groundwater lance I, *GL II* groundwater lance II

HgT~D~ concentrations versus Mn concentrations are presented in Fig. [6](#Fig6){ref-type="fig"}. HgT~D~ concentrations decrease as Mn concentrations increase. This is in line with small HgT~D~ concentrations in groundwater which, in turn, is characterized by high dissolved manganese concentrations. The dependences between HgT~D~ concentrations and Mn concentrations are non-conservative suggesting, possibly, pathways for HgT~D~ removal caused by co-precipitation with manganese oxides in the mixing of groundwater and seawater.Fig. 6Dependences between total dissolved mercury and dissolved manganese in pore water profiles (November 2009, February 2010, and May 2010). *GL I* groundwater lance I, *GL II* groundwater lance II. *Solid line* represents conservative mixing of groundwater with seawater

Thus, the groundwater impact on HgT~D~ distribution cannot be fully explained through the observation of geochemical components measured in this study (salinity, DOC, and Mn), suggesting that other processes still drive the distribution of mercury in sediment pore water in the study site. The groundwater--seawater mixing interface should be further investigated to understand the driving processes of mercury distribution.

The Dissolved Mercury Fluxes to the Study Area Via SGD {#Sec9}
------------------------------------------------------

HgT~D~ concentrations (Table [1](#Tab1){ref-type="table"}) and the groundwater discharges established earlier (Szymczycha et al. [@CR35]) were used to calculate mercury fluxes via SGD. The SGD rates were equal to 18.4 l day^−1^ m^−2^ in November 2009, 3.0 l day^−1^ m^−2^ in February 2010, and 3.6 l day^−1^ m^−2^ in May 2010. The HgT~D~ fluxes calculated as a product of the groundwater discharge rate and the measured concentrations of the dissolved mercury were equal to 9.70 ± 0.70 ng day^−1^ m^−2^ in November 2009, 1.60 ± 0.04 ng day^−1^ m^−2^ in February 2010, and 3.00 ± 1.12 ng day^−1^ m^−2^ in May 2010. Mercury fluxes were highest in November 2009, corresponding to the high SGD rates.

Discussion {#Sec10}
==========

Mercury Distribution in the Groundwater-Impacted Area of the Bay of Puck {#Sec11}
------------------------------------------------------------------------

HgT~D~ distribution in pore water can be further evaluated by examining Mn and DOC behavior in the study area. Fig. [7](#Fig7){ref-type="fig"} presents DOC concentrations versus salinity, Mn concentrations versus salinity, and DOC concentrations versus Mn concentrations. All the presented dependences are linear or approaching linear, indicating conservative relationships between the components. The Mn and DOC distribution in the study area can be reasonably explained by both mixing groundwater and seawater and the dissolution of organic matter with Mn release. It can be safely assumed that mercury behave as a non-conservative component of groundwater, while DOC and Mn behave as conservative components of groundwater.Fig. 7Dependences between dissolved organic carbon and salinity, dissolved manganese and salinity, and Mn and DOC concentrations in pore water profiles (November 2009, February 2010, May 2010). *Solid line* represents conservative mixing of groundwater with seawater

Other processes influencing the distribution of HgT~D~ concentrations versus ORP, DOC concentrations versus ORP, and Mn concentrations versus ORP are presented in Fig. [8](#Fig8){ref-type="fig"}. HgT~D~ concentrations decrease with ORP decrease, DOC concentrations increase with ORP decrease, while Mn concentrations increase with ORP decrease. The presented dependences suggest a non-conservative behavior of mercury versus ORP. This is most likely due to the presence of hydrogen sulphide in groundwater. The sulfate--sulfide cycling is often a major control on transition metals cycling in sediments (Schulz and Zabel [@CR34]) and can be important at this site (Cai et al. [@CR15]). The pore water samples collected in the groundwater-impacted areas smelled of hydrogen sulphide. Consequently, we could expect sulfate reduction to occur in the mixing of groundwater and seawater. The high concentrations of hydrogen sulphide could be responsible for sulfide mercury precipitation resulting in the dissolved mercury decrease (Schulz and Zabel [@CR34]). The solubility product of mercury sulfite (10^−41^) facilitates low concentrations of mercury in groundwater. Dependences between DOC concentrations versus ORP are non-conservative, similarly to Mn concentrations versus ORP.Fig. 8Dependences between total dissolved mercury and oxidation--reduction potential, dissolved organic carbon and ORP, dissolved manganese and ORP in pore water (November 2009, February 2010, and May 2010)

The Mercury Fluxes to the Bay of Puck Via SGD {#Sec12}
---------------------------------------------

Benthic trace metal release by diffusion from permeable sediments is well documented (Beck et al. [@CR3]). However, during the last decade, it was proven that pore water advection through permeable sediments also represents a significant source of trace metals to coastal waters (Bone et al. [@CR11]; Beck et al. [@CR2]a, [@CR3]). In the Bay of Puck case, the groundwater is characterized by lower HgT~D~ concentrations in comparison with seawater. As a result, the groundwater was a factor that dilutes the mercury concentrations in pore water originating from seawater intrusion. Consequently, after stormy events resulting in seawater intrusion into sediments and enriching pore water with mercury, SGD might be recognized as a significant source of mercury to coastal waters. During this study, we calculated mercury loads via SGD using the characteristic HgT~D~ concentrations in the groundwater (Table [1](#Tab1){ref-type="table"}; 0.63 ± 0.21 ng l^−1^) and the known groundwater flux to the Bay of Puck. We believe that only the groundwater is a source of mercury to the ecosystem. A groundwater flux (0.03 km^3^ year^−1^) was adopted from Korzeniewski ([@CR18]). As a result, HgT~D~ fluxes via SGD to the Bay of Puck were equal to 18.9 ± 6.3 g year^−1^.

According to Boszke ([@CR12]), the Bay of Puck is fairly contaminated with mercury. Mercury mass balance (in- and outflows of mercury to the Bay of Puck ecosystem) calculated by Boszke ([@CR12]) showed that between 1.1 and 3.8 kg year^−1^ of Hg enters annually from the atmosphere, whereas the load of Hg carried to the bay with the river water was about seven times lower (0.13--0.44 kg year^−1^). The budget has proven that the main source of mercury in the system is the atmosphere. The mercury fluxes via groundwater discharge appear to be insignificant compared to both the abovementioned sources. The mercury flux obtained in this study is much lower in comparison with other groundwater-impacted areas, e.g., Etretat and Yport along the Pays de Caux Estuary, France (Laurier et al. [@CR23]); Waquoit Bay in Massachusetts, USA (Bone et al. [@CR11]); Elkhorn Slough in Central California, USA (Black et al. [@CR9]); Stinson Beach in Northern California, USA (Black et al. [@CR9]); Hwasun and Bangdu Bays on Jeju Islands, Korea (Lee et al. [@CR24]); and Malibu Lagoon, CA, USA (Ganguli et al. [@CR17]). In Malibu Lagoon, the average mercury flux via SGD was equal to 82.24 ng day^−1^ m^−2^, which was higher than that in Hwasun Bay (74.22 ng day^−1^ m^−2^) and lower than in Bangdu Bay (158.47 ng day^−1^ m^−2^), Stinson Beach (501.48 ± 320.95 ng day^−1^ m^−2^), Elkhorn Slough (601.77 ± 401.18 ng day^−1^ m^−2^), Waquit Beach (94.28 ± 381.12 ng day^−1^ m^−2^), Etretat (461.36 ± 762.24 ng day^−1^ m^−2^), and Yport (126.37 ± 421.24 ng day^−1^ m^−2^). This may be caused by both a lower concentration of mercury and lower SGD correlated with lower discharges of suspended rates in the study area in comparison with the other studies or a combination of these factors.

Thus, there is a need to note and discuss reasons for low concentrations of dissolved mercury in groundwater, much lower than concentrations of dissolved mercury in the wet atmospheric deposition. The water that is recharging the aquifer should have been delivering large mercury loads to the groundwater that are not manifested as increased concentrations of dissolved mercury in groundwater. Most of the load must be retained in the unsaturated and saturated zone of the surface soil since the groundwater mercury concentrations are low.

Assuming SGD rate to the Bay of Puck at 0.03 km^3^ (Korzeniewski [@CR18]), the dissolved mercury concentration in rainwater at 8.6 ng dm^−3^ (Boszke [@CR12]), and the average dissolved mercury concentration in the seeping groundwater at 0.6 ng dm^−3^ (this study, Table [1](#Tab1){ref-type="table"}), the load of mercury that is retained in the surface soil in rainwater percolating to the saturated zone is equal to 0.03 km^3^ × 10^9^ m^3^/km^3^ × (8.6−0.6)ng dm^−3^ × 10^3^ dm^3^/m^3^ × 10^−6^ mg/ng = 0.24 × 10^3^ g. The catchment area of the Bay of Puck is close to 100 km^2^ (Korzeniewski [@CR18]; Kozerski [@CR20]); surface soil is composed of peat and other organic-rich deposits and clays (Lidzbarski [@CR25]; Kozerski [@CR20]) that are characterized by high affinity and complexing capacity towards mercury (Boszke et al. [@CR13]). Thus, it can be safely assumed that yearly retention of mercury, equal to 2.4 g mercury km^−2^, is well within a reasonably assumed retention capacity of the catchment. This conclusion agrees well with a very low concentration of mercury in the land-based wells used for extraction of drinking water (this study, Table [1](#Tab1){ref-type="table"}) (Kozerski [@CR20]).

Summary and Conclusions {#Sec13}
=======================

Total dissolved mercury concentrations were measured in groundwater, pore water, and seawater in the Bay of Puck. Moreover, concentrations of mercury were measured in groundwater collected from wells located along the coast of the bay and in river water discharged to the bay.

The most important characteristic of the mercury concentrations profile in the groundwater seepage area is high concentrations of dissolved mercury in pore water of the uppermost sediment layer and the decrease of the concentration with depth below the sediment--water interface. This is attributed to seawater intrusion into the sediment.

Mercury behaves non-conservatively in the mixing of low-mercury groundwater and high-mercury seawater. This is caused by mercury removal in mixing seawater and groundwater due to redox reactions. Scaling up the results obtained for the study area indicated that the groundwater seeping to the bay seems not to be a significant source of mercury to the bay ecosystem.

The study reports the results obtained within the framework of the following projects: statutory activities of the Institute of Oceanology Polish Academy of Sciences theme 2.2 and research projects 3837/B/P01/201039 and 2012/05/N/ST10/02761 sponsored by the Polish Ministry of Science and Higher Education.
